S
ickle cell disease, which affects nearly 100 000 persons in the United States (1), decreases life expectancy by 25 to 30 years (2) and causes great morbidity (3) . It is a group of disorders characterized by sickling of erythrocytes when they are deoxygenated due to a mutation in the B globin gene of hemoglobin. The sickled erythrocytes obstruct blood vessels and disrupt endothelial cell function, leading to tissue hypoxia and clinical complications. The erythrocytes have a markedly short life span, leading to anemia and release of free hemoglobin into the circulation, which is also injurious to the endothelium. Patients with sickle cell disease have both chronic and episodic pain and reduced quality of life (4) . Painful crisis is the most common reason for emergency department use (5); life-threatening complications include the acute chest syndrome and stroke.
Until the U.S. Food and Drug Administration approved hydroxyurea for the treatment of adults with sickle cell disease, most therapies were supportive (episodic red blood cell transfusions, narcotics, antibiotics, and intravenous fluids); no approved therapies were available to modify the underlying pathophysiology of the disease. Hydroxyurea remains the only approved disease-modifying therapy, although repeated transfusions of red blood cells can greatly decrease disease severity and hematopoietic stem cell transplantation can cure it. The efficacy of hydroxyurea in the treatment of sickle cell disease is generally attributed to its ability to increase fetal hemoglobin (␣ 2 ␥ 2 ). However, the mechanisms by which this occurs are unclear, and other mechanisms may account for the clinical benefit of this agent. The National Heart, Lung, and Blood Institute issued recommendations for the use of hydroxyurea in sickle cell disease in 2002 (6) .
To clarify the role of hydroxyurea in the treatment of patients with sickle cell disease and to improve physician adherence to recommendations regarding its use, the National Institutes of Health Office of Medical Applications of Research commissioned a systematic review to summarize the available data on the efficacy, effectiveness, toxicity, and barriers to the use of hydroxyurea in people with sickle cell disease. We present the results of our systematic review. In addition, to evaluate the long-term adverse effects of hydroxyurea, we report on the toxicity of this drug in exposed individuals without sickle cell disease. The specific questions that the Office of Medical Applications of Research asked us to address were:
1. What is the efficacy of hydroxyurea treatment for patients with sickle cell disease? 4. What are barriers to the use of therapies that increase fetal hemoglobin, to the use of well-established therapies for disease management, and to the use of bone marrow transplantation for sickle cell disease?
The fourth question will be addressed in a separate report.
METHODS
A detailed evidence report (7) describes fully the methods we used in our systematic review.
Data Sources
We searched MEDLINE, EMBASE, TOXLine, and CINAHL through 30 June 2007. We also reviewed reference lists and discussed search results with experts. All searches were limited to English-language publications describing treatment of humans. We excluded review articles from the searches (Appendix Table 1 , available at www .annals.org). We defined efficacy trials as those showing a therapeutic effect of an intervention in an ideal setting, such as a clinical trial. We defined effectiveness studies as those showing a therapeutic effect of an intervention as demonstrated or observed in patients in their usual care setting.
Study Selection
For evidence of efficacy and effectiveness of hydroxyurea in adults with sickle cell disease, we included randomized, controlled trials (RCTs), cohort studies with a control population, and before-and-after studies. For evidence of toxicity, we included RCTs; cohort studies with a control population; before-and-after studies; and case reports, a weaker form of evidence. We included studies of children with sickle cell disease only if leukemia or lymphoma was described.
We knew that data on the long-term harms of hydroxyurea in individuals with sickle cell disease would be limited. Therefore, to describe all that is known about the long-term harms of hydroxyurea, we included indirect evidence from studies enrolling patients treated with hydroxyurea for other diseases (largely essential thrombocythemia, polycythemia vera, psoriasis, HIV, and chronic myelogenous leukemia). We included RCTs, cohort studies with a control population, before-and-after studies, case reports, and large case series (Ն100 patients with diseases other than chronic myelogenous leukemia).
Two reviewers independently reviewed titles and abstracts for eligibility.
Data Extraction
A single reviewer abstracted data, and a co-investigator verified accuracy. Reviewers were not masked to the articles' authors, institutions, or journal (8) . Differences of opinion were resolved through discussion.
For all studies except case reports, reviewers extracted information on general study characteristics, participant characteristics, and efficacy and toxicity outcomes. Case reports were abstracted by using a separate form to record disease, participant age, reported adverse events, and causality according to the World Health Organization's causality assessment instrument (9) .
Quality Assessment
We assessed the quality of the included RCTs by using the scoring system developed by Jadad and colleagues (10) . To assess quality of the observational studies, we developed a form to identify key elements that should be described in reports of observational research, as advocated by leaders in the field (11) (12) (13) . For our quality assessment of surveys, we adapted information from the study by Ratanawongsa and associates (14) . The quality assessments were done independently by paired reviewers. For the RCTs, a third reviewer reconciled the findings of the first 2 reviewers. For the other study designs, the results of the 2 reviewers were averaged.
Data Synthesis
We created detailed evidence tables with information extracted from eligible studies. We did not quantitatively pool the data for any of the outcomes because there were few RCTs. The substantial qualitative heterogeneity among the observational studies made pooling these studies problematic. We explored graphically the relationship across studies between potential predictors of response (age, mean corpuscular volume, sample size, change in leukocyte count) and the change in fetal hemoglobin. We considered the evidence about efficacy and effectiveness together because the observational studies were not easily categorized as efficacy or effectiveness studies.
Grading of Evidence
We graded the quantity, quality, and consistency of the evidence by adapting an evidence grading scheme recommended by the Grading of Recommendations Assessment, Development and Evaluation (GRADE) Working Group (15) and modified in the Evidence-based Practice Center manual (16). In this system, the grade of evidence depends on the required domains and not on the number of studies; consistency, directness, and precision are considered to be more informative than number of studies. If an outcome was evaluated in 1 or no RCTs, we also based our evidence grade on the best available nonrandomized trials or observational studies. We assessed the quality and consistency of the evidence by evaluating the risk for bias in the studies (as indicated by the study quality scores), the directness with which the data addressed the study question, and the precision and strength of the findings within individual studies. For each outcome of interest, 2 investigators graded the strength of the evidence for each question and all investigators then reached consensus.
The results from case reports were used as additional evidence of directness in our grading of toxicity. We NIH Conference Review of Hydroxyurea Treatment for Sickle Cell Disease graded the case reports according to the World Health Organization's Collaborating Center for Drug Monitoring (9, 17) . This method (Appendix Table 2 , available at www .annals.org) uses 4 criteria to evaluate the case reports and determines from these criteria how strong the causal relationship is between the drug and the described toxicity. We determined from the body of case reports a level of causality based on the number of case reports and the strength of the causal relationships. RCT ϭ randomized, controlled trial; SCD ϭ sickle cell disease. *The evidence report provides details of the search strategies (7). †The reasons for exclusion exceed the total number of studies because reviewers could enter multiple reasons for exclusion. ‡89 studies were not included in this review because they included children or infants only or examined barriers only. Toxicity and efficacy studies in SCD overlap. 
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RESULTS
We identified 12 550 citations potentially relevant to these questions. An additional 5 articles were found by hand-searching, and we excluded 3191 duplicate citations. (37) are not included in the table because they did not report the specific outcomes described in the table. ACS ϭ acute chest syndrome; CBT ϭ cognitive behavioral therapy; Hb ϭ hemoglobin; HTN ϭ hypertension; HU ϭ hydroxyurea; MCV ϭ mean corpuscular volume; MTD ϭ maximum tolerated dose; NR ϭ not reported; RCT ϭ randomized, controlled trial. † Results presented from final analysis (19) . ‡ P Ͻ 0.001. § P ϭ 0.001. P Ͻ 0.001); median time to first crisis was 3 mo (P Ͻ 0.01); 2.5 pain crises per year (odds ratio, 0.6 -7.0). ¶ 423 red blood cell units were transfused (P ϭ 0.002). ** 670 red blood cell units were transfused. † † Change from baseline. ‡ ‡ Cohort study grouped by MSH (Multicenter Study of Hydroxyurea for Sickle Cell Anemia) assignment. § § Subgroup of MSH. P Ͻ 0.005.
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During the process of title, abstract, and article review, we eliminated studies that did not meet our criteria, leaving 246 articles for review (Figure) .
Is Hydroxyurea Efficacious and Effective for Adults with Sickle Cell Disease?
A single RCT, the MSH (Multicenter Study of Hydroxyurea for Sickle Cell Anemia), tested the efficacy of hydroxyurea in adults with sickle cell disease (18) . We identified 6 other articles associated with this trial (substudies or follow-up studies) (19 -24) . The MSH was a high-quality, multicenter trial enrolling 299 adults with a mean age of 30.5 years. Almost all patients (n ϭ 295) had sickle cell anemia; the remainder had hemoglobin S␤ 0 thalassemia or hemoglobin S␤ ϩ thalassemia. Patients in the study received the maximum tolerated dose (that limited by toxicity) or a maximum dose of 35 mg/kg daily. The primary end point was a reduction in the frequency of painful crises. The investigators included several secondary end points for which they used a more stringent standard for determining significant differences between groups (P Յ 0.01) (25) ( Table 1) . The significant hematologic effects of hydroxyurea after 2 years included a small mean increase in total hemoglobin level of 6 g/L relative to placebo recipients and a moderate absolute increase in fetal hemoglobin of 3.2% ( Table 2 ). The median number of painful crises was 44% lower among persons receiving hydroxyurea (2.5 vs. 4.5 per year; P Ͻ 0.001), and the time to the first painful crisis 
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Review of Hydroxyurea Treatment for Sickle Cell Disease www.annals.orgwas 3 months compared with 1.5 months (P Ͻ 0.01). The hydroxyurea group had fewer episodes of the acute chest syndrome (25 vs. 51; P Ͻ 0.001) and fewer patients who required transfusions (55 vs. 79; P ϭ 0.002) compared with the placebo group, but no significant differences in deaths, strokes, or hepatic sequestration were observed (19) . In the long-term follow-up study, which followed patients for a median of 7 years, mortality rates were 40% lower (P ϭ 0.04) while patients were receiving hydroxyurea (1.5 deaths per 3-month period) compared with no hydroxyurea (2.6 deaths per 3-month period) (24) . However, long-term mortality, when analyzed by initial treatment assignment, was similar for patients randomly assigned to hydroxyurea (3.1 per 100 person-years) and those assigned to placebo (3.6 per 100 person-years). Rates of stroke, sepsis, and renal and hepatic failure were also similar between the 2 groups. The MSH also evaluated costs and quality of life. Annualized total costs were similar in the hydroxyurea group and the placebo group (P ϭ 0.21), but costs for hospitalization for pain were statistically significantly lower in the hydroxyurea group (mean, $12 160 vs. $17 290; P Ͻ 0.05) (23) . The hydroxyurea and placebo groups were similar in all quality-of-life measures (22) .
Twelve observational studies enrolling only adults were available (26 -37). Two studies were retrospective (29, 32) , and 10 were prospective (26 -28, 30, 31, 33-37) ( Table 1) ; 2 of the prospective studies (36, 37) reported only on toxicities and not on efficacy outcomes. These observational studies included patients with various sickle genotypes. Only 1 study could be considered high quality (27) . Most reports lacked descriptions of adherence to the intervention and careful accounting for losses to follow-up. Table 1 shows the omissions that may compromise the validity of these observational studies.
The mean or median age of participants in observational studies ranged from 21 to 33 years (35) . Three studies from Europe included white patients exclusively (28, 30, 31) . The duration of observation varied markedly across studies and within studies; the longest median follow-up was 36 to 45 months. Some individuals in each study were followed for much longer, although their exposure to hydroxyurea did not span the total duration of observation. In half of the studies, patients received the maximum tolerated dose of the drug (27, 38 -43) .
These observational studies generally support the findings from the RCT ( Table 2 ). In the 6 studies that reported hematologic outcomes (26, 27, 30, 31, 34, 44) , fetal hemoglobin was significantly higher during treatment. Mean fetal hemoglobin ranged from 4% to 12% at baseline and 10% to 23% during hydroxyurea treatment. The greatest increase occurred in white patients with hemoglobin S␤ ϩ thalassemia or hemoglobin S␤ 0 thalassemia who received high doses of hydroxyurea (up to 2.5 g/d) (28) . These 14 patients had an increase in mean fetal hemoglobin level from 3.6% (SD, 2.1%) to 23% (SD, 7.7%).
Three studies (27, 31, 33) assessed the frequency of pain crises. For the 32 patients who completed the study by Charache and colleagues (27) , the frequency of crises decreased from 4 in 6 months (range, 0 to 20) to 1.3 in 6 months (range, 0 to 9), which was not statistically significant (27) . In contrast, in a study of Sicilians with hemoglobin S␤ ϩ thalassemia or hemoglobin S␤ 0 thalassemia, the annual frequency of crises decreased significantly from a mean of 9 events to 1.8 events (P Ͻ 0.001) (31) . In a nonrandomized study comparing patients receiving hydroxyurea with those receiving cognitive behavioral therapy, hydroxyurea recipients had fewer pain crises (1.4 per year vs. 4.3 per year; P Ͻ 0.05); however, we suspect that the patients choosing each of these therapies differed substantially, which could affect the reported outcomes (33) .
Hospitalization rates generally decreased for adults treated with hydroxyurea. In the study of Sicilians (31), the annual number of days hospitalized declined from 22.4 to 1.2 (SD, 2.3) (P Ͻ 0.001). In another study, rates of hospitalization decreased from baseline in the group treated for longer than 24 months (from 3.1 to 2.1 hospitalizations per year; P ϭ 0.04) (32) . In the study comparing hydroxyurea with cognitive behavioral therapy (33), hospitalization rates were similar among patients receiving hydroxyurea and those receiving therapy.
We did not identify any relationship across studies between the mean age of the participants or the number of enrolled participants and outcomes (pain reduction or increase in fetal hemoglobin). In the 4 studies with relevant data, the greater the change in fetal hemoglobin, the greater the decrease in the number of painful crises (19, 27, 31, 45) .
On the basis of 1 high-quality RCT in adults and many lower-quality observational studies, we conclude that high-grade evidence supports that hydroxyurea increases fetal hemoglobin in adults with sickle cell disease. Highgrade evidence also indicates that hydroxyurea reduces the frequency of pain crises, transfusions, and frequency or duration of hospitalization in adults. Only low-grade evidence indicates that hydroxyurea reduces mortality. The evidence base is insufficient to comment on neurologic events in adults.
Are There Predictors of Response to Hydroxyurea?
Several studies described patient characteristics that predicted response to hydroxyurea. Predictors of fetal hemoglobin response to hydroxyurea were most frequently reported. In the MSH, fetal hemoglobin increased most in participants with a history of fewer painful events and, at baseline, a reticulocyte count greater than 300 ϫ 10 9 cells/L, F reticulocyte level greater than 12%, absolute neutrophil count greater than 7.5 ϫ 10 9 cells/L, and fetal hemoglobin greater than 7.5%. Fetal hemoglobin increased less in men, those with the Central African Republic haplotype, those with less than 80% adherence to therapy, and those with fewer than 2 episodes of hematologic toxicity NIH Conference Review of Hydroxyurea Treatment for Sickle Cell Disease during treatment (18) . In a phase II study from the same group (27) , fetal hemoglobin was directly associated with the most recent plasma level of hydroxyurea and baseline fetal hemoglobin percentage and leukocyte count.
Clinical responses to hydroxyurea (a decreased rate of painful episodes during treatment) were associated with fewer baseline painful episodes, decreases in the absolute neutrophil count and absolute reticulocyte count, and increases in mean corpuscular volume (19) . Hospital admissions were significantly decreased in patients with at least 2 years of hydroxyurea treatment with no interruptions longer than 2 weeks, compared with those with a shorter duration of therapy or interruptions (32) .
Most patients were homozygous for hemoglobin S, but most studies also included some patients with other genotypes. No studies meeting our inclusion criteria specifically focused on outcomes in adults with hemoglobin SC disease. In general, patients with hemoglobin S␤ ϩ thalassemia or hemoglobin S␤ 0 thalassemia responded to treatment similarly to patients with hemoglobin SS. Sex and age had little influence on outcomes.
What Toxicities Are Associated with Use of Hydroxyurea in Adults with Sickle Cell Disease?
The National Toxicology Program and the National Institute of Environmental Health Sciences has a Center for the Evaluation of Risks to Human Reproduction (CERHR). In 2007, the CERHR reported on the effect of hydroxyurea on growth and development, after a literature review and expert panel discussion (46, 47) . On the basis of 1 study, the panel concluded that nursing infants of women taking hydroxyurea may be exposed to 1 to 6 mg of hydroxyurea daily depending on the mother's dose, but they did not comment on the effect of this exposure. The expert panel found no data on the effects of hydroxyurea on female human or animal reproductive processes. Likewise, no data were available on the effect of germ cell exposure to hydroxyurea. The expert panel found sufficient data to conclude that developmental toxicity occurs in rat and mice fetuses exposed in utero to hydroxyurea. In addition, they concluded that hydroxyurea has reproductive toxicity in male mice, causing decreased testis weight and sperm count. The expert panel believed that this experimental animal data were relevant to humans. On this basis, the expert panel had concerns about the adverse effect of hydroxyurea on spermatogenesis in men receiving hydroxyurea at therapeutic doses.
The CERHR panel identified 21 papers relevant to use of hydroxyurea in pregnancy. The report reviewed studies examining pregnancy outcomes in women with sickle cell disease and essential thrombocythemia who were receiving hydroxyurea. No RCTs on the use of hydroxyurea during pregnancy were available. The largest case series (48) described outcomes of 32 pregnancies in 31 patients treated with hydroxyurea for diverse conditions. The panel concluded that the 2 cases of intrauterine fetal growth restriction and the 9 patients with preterm delivery demonstrated an increase over that expected for this population, but causality could not be attributed in these cases. The additional 20 articles were case reviews or small case series with no clear evidence for causality for any of the 10 abnormal pregnancy outcomes. The CERHR report concluded that the use of hydroxyurea in pregnancy does not seem to be commonly associated with adverse perinatal outcomes and that no data are available on long-term outcomes in children who were exposed in utero. The CERHR is concerned that hydroxyurea may increase the risk for congenital anomalies or abnormalities of fetal growth after exposure of pregnant women, but this concern is based on few data from experimental studies.
The MSH described few significant toxicities in adults ( Table 3) (18 -20, 24) . The investigators found lower absolute neutrophil counts among hydroxyurea recipients than placebo recipients (4.9 vs. 6.4 ϫ 10 9 /L cells), but the number of patients with thrombocytopenia, thrombocytosis, cancer, aplastic crisis, aseptic necrosis, lymphadenopathy, and bleeding was similar between groups. The proportion of patients reporting hair loss, fever, rash or nail changes, or gastrointestinal disturbance at 3 or more followup visits was similar for the hydroxyurea and placebo groups (18) . The 1 article that described long-term follow-up of the MSH participants reported 3 cases of cancer, 2 of which occurred in the hydroxyurea group (24) .
Although observational studies are not optimal for attributing causality for an event because they lack comparison groups, they are useful for characterizing people exposed to a drug outside of a randomized trial ( Table 3 ). In the studies we reviewed (37, 49 -51) , 3 cases of leukemia (2 children and 1 adult) were reported. A 10-year-old girl in France who received hydroxyurea for 18 months had Philadelphia chromosome-positive acute lymphoblastic leukemia on bone marrow examination (49, 50) . This 1 case of leukemia was detected among 225 children observed in a wellcharacterized cohort of treated patients. Gulbis and associates (51) reported on a 21-year-old woman who developed acute promyelocytic leukemia after 8 years of hydroxyurea therapy. Data on cancer development were collected in 16 613 patients with sickle cell disease (37) . Cancer, including 7 cases of leukemia, was diagnosed in 49 patients. Three of the 49 patients had been using hydroxyurea; 1 patient was a 14-year-old who developed acute lymphoblastic leukemia 3 months after initiating hydroxyurea therapy. No data are available on the prevalence of hydroxyurea use among the 16 613 persons with sickle cell disease.
We identified 2 additional case reports about leukemia. One case occurred in a 25-year-old Saudi Arabian woman who received hydroxyurea for 2 years, with good response. Acute myelocytic leukemia was subsequently diagnosed; cytogenetic studies revealed no abnormal clone (45) . Acute myelocytic leukemia also occurred in a 42-year-old woman with hemoglobin SS who received hy-
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We are aware of a case of acute nonlymphocytic leukemia that occurred in a 27-year-old woman with sickle cell anemia after 8 years of hydroxyurea therapy. This case was reported in abstract form (53). Bone marrow aspiration suggested that leukemia developed in the setting of myelodysplasia (53).
We reviewed 19 case reports in 15 publications (45, 52-65) about adverse effects of hydroxyurea use in patients with sickle cell disease (Appendix Table 3 , available at www.annals.org). Two of these reports described a Greek child who developed Hodgkin lymphoma (54, 55) . The 18 unique case reports included 4 reports of low sperm count or decreased sperm motility; 2 cases of avascular necrosis; 2 cases of skin hyperpigmentation; 1 case each of leg ulcer, cytopenia, splenomegaly, cryptosporidium infection, intracerebral hemorrhage, and acute myocardial infarction; and the 3 cases of leukemia described earlier. Evidence for causality in each of these toxicities is low (level 3), with the exception of cytopenia, for which evidence is moderate (level 2). The reports of leukemia are difficult to score with the World Health Organization's causality scale, because there is no possibility of regression of disease with removal of the putative causal agent.
We also reviewed studies of patients with diseases other than sickle cell disease treated with hydroxyurea to determine long-term harms. We identified 39 studies (20 randomized trials and 19 observational studies) and 235 case reports in 175 publications (Appendix Table 4 , available at www.annals.org). Among the RCTs (66 -85) , none showed more cases of leukemia in the hydroxyurea group. This harm could not be assessed in trials that enrolled patients with chronic myeloid leukemia because acute leukemia was evaluated as an outcome rather than as a medication-related toxicity. Our review of case reports in diseases other than sickle cell disease found level 1 evidence to support the causal role of hydroxyurea in leg ulcers, interstitial pneumonitis, hepatitis, azoospermia or decreased sperm motility, limbal stem cell deficiency (a corneal condition), pruritus, and skin neoplasms.
On the basis of our review of toxicities in patients with sickle cell disease and patients with other diseases, we conclude that limited evidence suggests that hydroxyurea treatment in adults with sickle cell disease does not increase the risk for leukemia. High-grade evidence supports that hydroxyurea is not associated with leg ulcer development in patients with sickle cell disease, although high-grade evidence supports that hydroxyurea is associated with leg ulcers in patients with other conditions. It has not been determined whether the increase in hemoglobin, the effects of hydroxyurea on nitric oxide bioavailability, or another effect of hydroxyurea might explain this discrepancy. The evidence is insufficient in sickle cell disease to know whether hydroxyurea contributes to skin neoplasms, although high-grade evidence in other conditions supports that it does. Similarly, evidence is insufficient to know whether hydroxyurea is associated with secondary cancer in adults with sickle cell disease, and the evidence in other diseases is only low grade.
SC disease did not tolerate dose increases as well as patients with other genotypes (38) . Charache and colleagues (27) found no association between hydroxyurea clearance and toxicity.
DISCUSSION
Since its approval for the treatment of sickle cell disease in 1998, hydroxyurea has been under intense study. On the basis of 1 high-quality randomized trial in adults and many observational studies, we conclude that hydroxyurea increases fetal hemoglobin in adults with sickle cell disease, reduces the frequency of pain crises, reduces the frequency or duration of hospitalization, and reduces transfusions ( Table 4) . Although the data convincingly demonstrate an increase in fetal hemoglobin percentage with use of this drug, far less evidence is available regarding the clinically relevant outcomes of hospitalization, stroke, pain crises, the acute chest syndrome, and death.
Although the evidence is sparse, it suggests that hydroxyurea treatment in adults is not associated with leukemia. In addition, hydroxyurea is not associated with leg ulcers in patients with sickle cell disease, although it is in patients with other conditions. We hypothesize that the improvement in rheology offsets any increase in leg ulcer risk associated with the drug. We cannot draw conclusions from the evidence about whether hydroxyurea contributes to skin neoplasms in sickle cell disease, although it con- Table 3 
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Adverse Effect, n vincingly does in other conditions. The other populations studied were largely light-skinned, and we were not surprised that the skin cancer risk differed across populations.
This evidence base has important limitations. Most notably, only 1 randomized trial studied efficacy (18, 87) . Although the MSH was a high-quality study, concerns have been raised (88) about its overreliance on secondary analyses. The MSH investigators used a more stringent threshold for statistical significance in the secondary analysis of the results of the randomized trial, and these analyses were planned before study initiation. Similar adjustments, however, were not made in the secondary analysis of overall mortality published in the long-term observational follow-up study of MSH.
We are also concerned that the observational data may be confounded by regression to the mean. For example, if physicians started hydroxyurea therapy in patients after a period of increased disease activity, it is likely that in time, the patient may have returned to his or her usual level of disease activity even without a change in therapy. This effect would overstate the benefits of the therapy (89) . No trial data are available with which to comment on effectiveness of this drug in a population that may take the medication for many years with less intense supervision and encouragement than is received in a typical efficacy trial. Thus, the evidence base is limited by the lack of effectiveness trials and the paucity of trials of efficacy, even though the MSH may be considered a definitive efficacy trial of this drug in adults (18) . These results cannot be generalized to all patients with sickle cell disease because the MSH included almost entirely patients with hemoglobin SS; clinical response and toxicities seem to differ to some extent by genotype.
These relatively short studies cannot provide strong evidence for toxicities that may require many years of exposure. The follow-up studies from these trials are important contributors to the literature, but they become observational studies after the randomization period ends and thus are subject to the limitations of any observational study. The losses to follow-up were substantial in most of the observational studies. The studies of toxicity were also weakened by the absence of control groups.
Many subgroups require further study. Patients with hemoglobin SC, the second most common genotype of sickle cell disease, were particularly understudied. Additional studies of hydroxyurea at doses other than the maximum tolerated dose are appropriate, particularly as the use of a maximum tolerated dose in resource-poor populations may be less practical or safe. Other subgroups of interest are patients with comorbid illnesses, specifically HIV, AIDS, or hepatitis C. The interactions between hydroxyurea and these underlying diseases, and between hydroxyurea and therapies for these diseases, need to be clarified. Additional longer-term studies are needed to further assess toxicities of hydroxyurea.
Further research on the role of hydroxyurea in the lifelong treatment of sickle cell disease is indicated; current studies do not tell us the optimal timing of initiation of hydroxyurea therapy and the indicators of failed hydroxyurea therapy. Several other questions also remain: Is there a role for rechallenge with the drug if there was no previous efficacy? Is there a role for hydroxyurea as an adjunctive therapy with other drugs? What are the best intermediate outcomes that will predict clinical response to the drug? Additional trials with other clinical outcomes are appropriate, including randomized trials to prevent other complications of sickle cell disease, such as kidney disease, pulmonary hypertension, and neurologic events in adults. Effectiveness trials are needed to test hydroxyurea in a regular care setting. These could be clustered randomized trials in which some providers are randomly assigned to prescribe hydroxyurea in all patients and others are randomly NIH Conference Review of Hydroxyurea Treatment for Sickle Cell Disease assigned to provide usual care, including the use of hydroxyurea when clinically indicated, or effectiveness studies in which a group of providers is actively encouraged to consider hydroxyurea when appropriate and another group is not targeted for education. Hydroxyurea is the only U.S. Food and Drug Administration-approved medication for the treatment of sickle cell disease. It is the only available drug that alters the disease process, and its toxicities or potential toxicities should be interpreted in this light, particularly when it is used to treat a disease that causes great morbidity and predictably shortens the life span.
